Multi-tasking machine tools are very useful to manufacture complicated workpiece efficiently. However, it is very difficult to generate NC data when an operator uses multi-tasking machine tools. Currently, there are some CAM systems for multi-tasking machine tools. However, there are such problems as the manual allocation of parts to generate tool paths, the difficulty of self-interference recognition without a simulator, and so on. Therefore, this study deals with the development of CAM system which can recognize part configurations, calculate tool paths automatically for turning and milling operations, and sort them in machining order, based on 3-D CAD data of workpieces.
Introduction
In recent years, manufacturing industry tends to high-mix low-volume production since the period of model change in products is shortened and new products are released one right after the other. Therefore, it is essential to shorten the development and manufacturing lead time of products. As the technique to shorten the manufacturing lead time, highly efficient machining by multi-tasking machine tools attracts the attention (1) - (2) .
Multi-tasking machine tools have the milling function in addition to the turning function, and generally have two main spindles and plural tool posts. Figure 1 shows an example of multi-tasking machine tools. In this case, the machined tool has six translational axes, and three rotational ones.
An introduction of multi-tasking machine tools results in many advantages. However, the achievement of machining operations is difficult because the machine tools structure is highly complicated. Consequently, NC programming for the machine tools requires much time and labor. In addition, the self-interference of the machine tool must be considered. Self-interference means that there is a collision between the machine tool components during a machining period. Therefore, in order to easily realize highly efficient machining, it is required for CAM system to minimize time and labor of programming for multi-tasking machine tools.
There are some CAM systems for multi-tasking machine tools, however, they have some problems. For example, the parts must be chosen one by one to generate tool paths, and the self-interference of the machine tools can not be detected until the machine motion is completely simulated (3)- (5) . Furthermore, when the self-interference is detected, NC program should be revised manually, based on trial and error. There is another problem to have to decide the order of turning and milling by operators. The time and the labor, required for programming, are not necessarily reduced.
Fig. 1 General configuration of multi-tasking machine tool
This study deals with the development of an unprecedented CAM system which can achieve process planning and generates NC programs automatically for multi-tasking machine tools by considering the self-interference and using 3D-CAD data. As the basis of CAM system, the machining feature of the product shape are recognized, and tool paths are generated automatically for milling and turning, while deciding the machining order. Figure 2 shows the flow of the CAM system which is developed in this study. At first, the target shape defined by 3-D CAD is divided into unit solids, where the parts which can be made by turning are recognized, and the tool path for turning is generated. Then, the parts which can be made by milling are recognized, and the tool path for milling is generated. Using a cylindrical blank shape and the target shape shown in Fig. 3 , the turning process is explained in the following section, and the milling process is explained in section 2.3. 
Development of CAM System

Outline of the system
Recognition of the parts for turning and generation of tool paths
The shape formed by turning is the symmetric one with regard to the axis, such as a cylinder. Thus, the developed CAM system recognizes the parts of the target shape, which corresponds with such shapes. The target shape is divided into the small solid cylinders and circular truncated cones in order to make the recognition easy, as illustrated in Fig. 4 . Each divided shape is called "Shell". As illustrated in Fig. 5 , when the shape which can not be formed by turning is included in "Shell", the cylinder contacting with the "Shell" is generated. The diameter and height of the cylinder are equal to the "Shell". The center axis of it accords with the main spindle of a turning center. Based on "Shell" generated by the above mentioned process, the CAM system recognizes "Shell" of cylinder and circular truncated cone, whose center axis is on the main shaft of turning center, and generates the tool paths for turning. Figure 6 (a) shows the target shape and the shape generated by preprocessing. The shapes are displayed in the X-Z plane by two dimensions. As a stage of preparations to generate tool paths, the system secures the finish margin for each "Shell" in consideration of finishing. The order of turning is as follows; rough cutting at the end face, outside rough cutting, outside finishing, finishing at the end face, cutting slots and conic parts with a reduced radius.
With regard to rough cutting at the end face, the system generates tool paths for the cycle cutting, where a tool cuts from the top surface of material shape toward -Z direction, cuts toward -X direction, and retracts, as illustrated in Fig. 6 (b) . This cycle is repeated until the tool reaches the end face. Then, outside rough cutting is explained, using Fig. 6 (c) . The system generates tool paths for the cycle cutting, where a tool cuts from the outside of blank toward -X direction, cuts toward -Z direction and retracts. This cycle is repeated until the tool reaches to the cylinder with the smallest diameter. Afterwards, the system makes the tool move so as to trace the finish shape from +Z direction to -Z direction and to trace the end face, as illustrated in Fig. 6 (d) . The depth of cut, the amount of retraction, and finish margin are defined beforehand. At the end, the system recognizes the slots and the conic parts with a reduced radius from the target shape, and generates tool paths for them, as illustrated in Fig. 6 (e). The tool paths for slots are generated after the system completes the tool path generation for the conic parts with a reduced radius.
Recognition of the parts for milling and generation of tool paths
The developed CAM system recognizes the milling parts from the "Shell", which is obtained by dividing the target shape, as explained at the preceding section. Figure 7 shows nine kinds of shape patterns which are the objects of recognition (6) . The method to recognize shape patterns and form each shape from "Shell" is explained in turn. The shape pattern (1) and (7) are recognized by utilizing API offered by CAD. The shape pattern (2) to (6) are recognized by the number of the face which forms the shape. For example, in the shape pattern (2), the number is five. However, in the shape pattern (3) and (5), the number is same. The difference between the shape pattern (3) and (5) is the number of the face which connects with other faces; two in the shape pattern (3), and at least one in the shape pattern (5). In the shape pattern (8) and (9), as the normal vector of the cylindrical Fig. 7 Various shape patterns to be recognized 2010 surface is defined by use of the cylindrical center axis, the difference between the shape pattern (8) and (9) is the number of the face which is included within the plane with the hole; two in the shape pattern (8), and one in the shape pattern (9). When there is the shape which contains boss feature as shown in Fig.8 , the shape is divided by using from shape pattern (3) to (6) .
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When the shape (1) is recognized to be parallel to Z-axis, as illustrated in Fig. 9 , the face to be milled is expanded in the cylindrical shell, and the system generates tool paths for it. Then, the system calculates the distance between the face for milling and the side of the cylindrical shell. If the distance is long, the system judges that it is impossible to machine the face at one time, and makes multiple tool paths, considering the depth of cut. Thus, after making the tool path for one face, the system generates tool paths similarly in consideration of the remaining shape. The part which has already been machined is removed in the actually machined order. For example, in Fig. 9 , after the system calculates the tool path for (A), the shape is removed and the tool path for the gray part of (B) is generated by using the remaining shape. Moreover, when the other shell is on the face, the following process is done. At first, as shown in Fig. 10 (ii) , the cylindrical shell included in the normal direction against the face is divided by each height of the shells on the face. Then, as shown in Fig. 10 (iv) or (v), the divided shape is further divided along the side of shells which is on the face in each height. The system calculates the tool paths for those shapes which are generated by dividing shell.
In addition, when the shape pattern (1) shown in Fig. 7 is a slope, not parallel to Z-axis as shown in Fig. 11 , the edges of the "Shell" including the slope is expanded to make a new "Shell". If it is impossible to machine it by one cutting path, the processing similar to Fig.  10 is performed for the "Shell".
When the shape pattern (2) is recognized, the system generates the tool path, as shown in Fig. 12 (a) . In case of the shapes except the shape pattern (2), the system generates the tool path shown in Fig. 12 (b) . In case of shapes from the shape pattern (1) to (7), the tool path is generated on the gray face shown in Fig. 7 . With regard to the shape pattern (3), (4), and (6), the tool path is generated for the face that the angle between Z'-axis which is different with Z-axis and the normal vector is the smallest among the surface which composes the shape. For the shape pattern (8) and (9), the tool path for drill shown in Fig.  12 (c) is generated after the tool path for center drill, as shown in Fig. 12 (d) . In case of the shape pattern (7), at first, as shown in Fig. 13 , a plane is generated for the curved face, and the system recognizes the plane as the shape pattern (1). Then, the system recognizes the curved surface as the face tool path generated. Finally, the tool path is generated on each plane. These paths are the trace of tool center point. The tool axis vector is the same direction as the normal vector of machined faces or the center axis of cylindrical blank. The system sorts tool paths, which obtained by the above mentioned processing, in the machining order. As a sorting method, as shown in Fig. 14, at first, the system makes the group of the face to be milled in the same tool posture. Next, in the group, the system calculates the distance from the side of blank shape to the face to be milled, and sorts tool paths in the order of short distance. When the cutting tool moves to the next group with the same tool posture by changing the tool posture, the system determines the smallest angle between the normal vector to the group to be milled in the previous stage and the normal vector to the group to be milled in the next stage. Then, the system sorts the tool paths from the group which has the smallest angle so that the order may become counterclockwise in seeing from +Z direction. As a special case, when there is the shape pattern (2) in the face to be milled, the tool path for the shape pattern (2) is generated after the tool path for the shape pattern (1) is generated as shown in Fig. 15 . As shown in Fig. 16 , when there are the slope and the shape pattern (8) or (9), the system adds those tool paths after the tool path for the shape pattern (1) to (6) is generated. The machining order of those shapes is as follows; the slope, and the shape pattern (8) or (9). When there is the shape pattern (7), the system adds the tool path after the tool path for the shape except for (7) is generated.
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Tool path generation and machined result
By using the developed system, tool paths are generated for the target shape, defined by 3-D CAD, from the blank shape. Figure 17 and 18 show the tool path for turning and milling respectively. In order to confirm the effectiveness of the tool path, machining experiment is conducted by using a multi-tasking machine tool illustrated in Fig. 19 . For the work material, the chemical wood of cylindrical shape, which is 100 mm in diameter and 200 mm in length, is used. Figure 20 shows the machined result. As seen in the figure, it is confirmed that the developed system enables to perform process planning and to generate tool paths automatically, based on the cylindrical blank shape and the target shape defined on 3-D CAD. 
Conclusion
The study aims at developing CAM system, which can achieve process planning and generates NC programs automatically for multi-tasking machine tools by considering the self-interference and using 3D-CAD data. The study can be summarized as follows.
(1) In the system, machining features of the product shape are recognized, and tool paths are generated automatically for milling and turning, while deciding the machining order. (2) In order to confirm the effectiveness of the tool path, machining experiment is conducted. From the machined result, it is verified that the developed CAM system is able to generate tool paths automatically, based on the cylindrical blank shape and the target shape defined on 3-D CAD.
